Pressure-response on the crystal structure of deuterated α-glycine was investigated at room temperature, using powder and single-crystal X-ray diffraction, and powder neutron diffraction measurements under high pressure. No phase change was observed up to 8.7 GPa, although anisotropy of the lattice compressibility was found. No significant changes in the compressibility and the intramolecular distance between non-deuterated α-glycine and deuterated α-glycine were observed. Neutron diffraction measurements indicated the distance of the intermolecular D· · · O bond along with the c-axis increased with compression up to 6.4 GPa. The distance of another D· · · O bond along with the a-axis decreased with increasing pressure and became the shortest intermolecular hydrogen bond above 3 GPa. In contrast, the lengths of the bifurcated N-D· · · O and C-D· · · O hydrogen bonds, which are formed between the layers of the α-glycine molecules along the b-axis, decreased significantly with increasing pressure. The decrease of the intermolecular distances resulted in the largest compressibility of the b-axis, compared to the other two axes. The Hirshfeld analysis suggested that the reduction of the void region size, rather than shrinkage of the strong N-D· · · O hydrogen bonds, occurred with compression. Published by AIP Publishing. https://doi
I. INTRODUCTION
The intermolecular interactions of organic molecules change drastically with compression, leading to pressureinduced structural changes and chemical reactions (e.g., Refs. 1-9). Amino aids, also known as the building blocks of proteins, contain both the amino and carboxyl groups. Amino acids crystallize as zwitterions (e.g., Refs. 4, 10, and 11), forming robust head-to-tail chains of intermolecular hydrogen bonds, namely, N-H· · · O bonds between the amino group and carboxyl group. In addition, other types of intermolecular hydrogen bonds are formed with the side chains, such as C-H· · · O bonds. The effect of pressure on the crystal structure and intermolecular interactions has been investigated for several amino acids, such as L-, DL-alanine, [12] [13] [14] [15] L-serine, [16] [17] [18] [19] [20] and L-, DL-cysteine. [21] [22] [23] [24] Recently, the pressure-induced oligomerization of L-alanine at room temperature was reported. 25, 26 The oligomerization might occur partially when distances between the neighboring L-alanine molecules decrease with increasing pressure and finally approaches the reaction threshold. 25 However, the detailed mechanism of the oligomerization has not been revealed. Investigation of the effects of pressure on the intermolecular interactions in amino acid crystals may provide essential a) Author to whom correspondence should be addressed: shinozaki.aya@ sci.hokudai.ac.jp. Tel.: +81-(0)11-706-2727. Fax: +81-(0) 11-746-0394. information regarding the mechanism of the pressure-induced oligomerization of amino acids. Glycine (H 2 NCH 2 COOH), the simplest amino acid, has three polymorphs of solid phase at ambient pressure, derived from the geometry of molecular association. The crystal structure of α-glycine obtained by the evaporation of aqueous solution is monoclinic (P2 1 /n). [27] [28] [29] [30] The molecules are linked by the intermolecular hydrogen bonds in antiparallel doublelayers. [29] [30] [31] β-glycine, crystallized from a water/ethanol solution, has a different monoclinic structure, P2 1 32,33 with a layered structure of the molecules. The most stable form at ambient pressure is γ-glycine, [34] [35] [36] crystallized from an acidified solution, and has a trigonal structure, P3 1 or P3 2 . In γ-glycine, the molecules are arranged in helixes linked to each other in a three-dimensional network. 4, 31, 37 The structural changes of each phase under high pressure have been investigated. X-ray diffraction (XRD) measurements indicated that α-glycine is stable up to at least 6 GPa with no structural changes. 31, 38 Raman spectroscopy suggested that the crystal structure of α-glycine persists up to ∼23 GPa, although a subtle structural rearrangement was observed at ∼3 GPa. 39, 40 A high pressure heavier of α-glycine was also investigated using incoherent inelastic neutron scattering up to 1 GPa. 41 In contrast, β-glycine reversibly transforms into a structurally related high-pressure phase at 0.76 GPa without any damage to the single crystal, 38, 42 and γ-glycine transforms into another high-pressure phase with a single crystal completely ruined into powder. 38, [43] [44] [45] On partial decompression, this second high-pressure phase gives another, the third one, high-pressure polymorph before having transformed to α-glycine at ambient pressure. 46, 47 In this study, both powder and single-crystal XRD measurements were performed to investigate the high-pressure behavior of deuterated α-glycine. Furthermore, powder neutron diffraction measurements were carried out at high pressure to obtain more accurate positions of hydrogen atoms in the structure, in order to investigate the behavior of the intermolecular hydrogen bonds with compression.
II. EXPERIMENTS
The entire series of experiments were performed using fully deuterated α-glycine (D 2 NCD 2 COOD, 98.4 at. % D, CDN isotopes, Inc.). The molecular structure and the numbering scheme are shown in Fig. 1 . A 4:1 mixture of deuterated methanol:ethanol was used as the pressure medium. The fully deuterated sample and the pressure medium were used to avoid high background caused by incoherent scattering of hydrogen atoms in hydrogenated α-glycine in the neutron diffraction measurements.
Powder XRD patterns were collected with increasing the pressure at room temperature in two runs, up to 8.7 GPa (run 1-1) and 5.5 GPa (run 1-2). A diamond anvil cell (DAC) with a pair of diamond anvils of 450-µm culets was used as a high-pressure device. Stainless steel or Re gaskets were used after pre-compression to ∼100 µm in thicknesses. A sample hole with ∼200 µm diameter was drilled in the gasket. The pressure was measured using the ruby fluorescence method. 48 XRD patterns were measured at BL-18C of the Photon Factory of the High Energy Accelerator Research Organization (KEK), Ibaraki, Japan. A typical X-ray wavelength was 0.6106 Å, calibrated by the lattice parameter of the CeO 2 standard. The X-ray beam was collimated to 60 µm or 100 µm in diameter. Angle-dispersive XRD patterns were collected with an imaging plate, and the typical exposure time was 10 min. Each XRD image was integrated into a 1D pattern as a function of 2θ using an IP analyzer 49 and then evaluated by the Le Bail fitting method using the GSAS-EXPGUI package. 50 A single-crystal XRD pattern was collected at 4.1 GPa and room temperature, using the DAC (run 2). The X-ray beam was generated by a microfocused X-ray generator (MicroMax-007; Rigaku) with a Mo rotating target (λ = 0.7107 Å, FIG. 1. Molecular structure of α-glycine and the numbering scheme used in this study. in Jönsson and Kvick 29 as the initial structure model for the refinement, and all atoms excluding the D atoms were refined using SHEXL-97. The experimental details are listed in Table I . Three runs of the neutron diffraction measurements (runs 3-1, 3-2, and 3-3) were performed using the time-of-flight technique at the BL11 beamline PLANET, 51 in the Material and Life Science Experimental Facility (MLF) of J-PARC, Ibaraki, Japan. A VX4-type Paris-Edinburgh press, 52 combined with tungsten carbide ϕ9-6 non-toroidal anvils 53 and single-toroidal anvils, was used to compress the sample. The powdered sample was loaded in a pair of TiZr-encapsulating gaskets, together with the pressure medium (a 4:1 mixture of deuterated methanol:ethanol). The applied pressure was determined from the lattice parameters of α-glycine, using the equation of state (EOS) determined by the powder XRD measurements in the present study. The typical exposure time was 6 h.
The crystal structure was refined using neutron diffraction patterns obtained from 0.2 to 6.4 GPa by the Rietveld method with the GSAS-EXPGUI package. 50 The initial structure model for the refinement was taken from Jönsson and Kvick. 29 Lattice parameters, N, O, C, and D atom positions, and their atomic displacement factors were refined, whereas the U iso values were constrained to be identical for the five D atoms and for the other atoms (C, O, N). Absorption parameters were refined using the data at the lowest pressure in each run, and the determined values were fixed for the data refinement at higher pressures in the same run. The C1-O1, C1-O2, C1-C2, and N1-C2 bond lengths were restrained to those determined by the singlecrystal XRD analysis in the present study. The representative results of the Rietveld refinements are shown in Fig. 2 and Table II. The crystal structure was visualized using the VESTA program. 54 Figure 3 shows representative powder XRD patterns for deuterated α-glycine with compression up to 8.7 GPa (run 1-1). All the patterns were indexed as a monoclinic structure (P2 1 /n). Figure 4 shows the pressure dependence of the lattice parameters, and unit cell volumes, which were comparable with the respective values of undeuterated α-glycine. 31, 38 No obvious discontinuity was observed in each parameter with the increase of pressure, suggesting that there is no phase transition in this pressure range. The unit cell volume at ambient pressure (V 0 ), bulk modulus (K 0 ), and its pressure derivative (K ) were determined to be 309.0(6) Å 3 , 19.5(7) GPa, and 6.5(4), respectively, by fitting with the Vinet EOS. 55 Fitting to the BirchMurnaghan equation 56 was also tested for the obtained data, but no convergence was achieved. The determined bulk modulus of α-glycine was slightly larger than that of L-alanine. 12, 14 The a, b, and c-axes were compressed by 5.6%, 8.5%, and 2.2%, respectively, up to 8.7 GPa, indicating anisotropic compressibility. In addition, c /c 0 is plotted in Fig. 4(a) . c is defined as a vertical axis to the ab-plane and which could indicate the objective changes of the c-axis, excluding the influence of the β angle that increases with the compression [ Fig. 4(b) ]. The c -axis was compressed by 6.6% up to 8.7 GPa. Table III lists intramolecular bond lengths and angles obtained from the single-crystal XRD measurement at 4.1 GPa (run 2). The parameters are comparable with previous results obtained by the neutron diffraction measurement at ambient pressure 29 and single-crystal XRD measurements up to 6.2 GPa. 38 The results show that the intramolecular bond lengths and the angles do not change significantly with increasing pressure, at least up to 6 GPa. The N1-C2-C1-O2 torsion   FIG. 3 . Representative XRD patterns of α-glycine at high pressure and room temperature. 19 angle is 13.7 • at 4.1 GPa, which is keeping with the trend of that reported by Dawson et al. 38 No significant changes in the intramolecular distances, angles, and torsion angles were reported upon compression for L-alanine and L-α-glutamine as well. 12, 57 The intermolecular distances were determined by neutron diffraction measurements. The D1· · · O1 and D2· · · O2 intermolecular hydrogen bonds, which are almost along the c-axis and the a-axis, respectively (Fig. 5) , consist of two headto-tail chains of the C(5) motif 58 in the ac-plane. Pressure dependences of the intermolecular D· · · O distances, consisting of the C(5) chains, are shown in Fig. 6(a) , and the representative parameters of the intermolecular hydrogen bonds are listed in Table IV . The D1· · · O1 distances are almost constant at pressures below 2 GPa, and increased in the pressure range 2-6 GPa, though the D1· · · O1 distances are scattered depending on the experimental runs. The N· · · O1 distance is almost constant up to 5.7 GPa, and the N-D1 19.63 (11) 13.7 (7) distance decreases from 1.044(6) Å at 2.2 GPa to 1.000 (7) at 0.2 GPa to 160.4 • at 6.4 GPa. In contrast, the D2· · · O2 distance and the N· · · O2 distance decrease with increasing pressure from 0.2 GPa to 6.4 GPa. Although the D1· · · O1 distance is the shortest among the intermolecular D· · · O distances at ambient pressure, the D1· · · O1 and D2· · · O2 distances become almost equal at ∼3 GPa. Above 3 GPa, the D2· · · O2 distance becomes the shortest of the D· · · O distances. The layers of the molecules are stacked along the b-axis, and two types of bifurcated hydrogen bonds are found to alternate between the layers [ Fig. 5(b) ]. One is a pair of N-D3· · · O1 and N-D3· · · O2 bonds and the other is a pair of C2-D4· · · O1 and C2-D4· · · O2 bonds. Figure 6(b) shows the pressure dependences of the intermolecular D3· · · O1 distances and D3· · · O2 distance of the bifurcated hydrogen bond. Both of the D3· · · O1 and the D3· · · O2 distances decrease with increasing pressure, in contrast to the result of the previous single-crystal X-ray diffraction study, in which no significant change of the D3· · · O1 and D3· · · O2 distances was observed. 38 The D3· · · O1 and the D3· · · O2 distances are decreased by 7.0% and 2.8%, respectively, from 0.2 GPa to 6.4 GPa. The N-D3 distance is almost constant, while the N· · · O1 and N· · · O2 distances decrease during compression (see Table IV ), in contrast to those observed in the ac plane. Figure 6(c) shows the pressure dependence of the intermolecular D· · · O distance of the bifurcated C-D· · · O bonds. Both the D4· · · O1 and the D4· · · O2 distances decrease with increasing pressure. The D4· · · O1 and the D4· · · O2 distances are compressed by 6.7% and 8.1%, respectively, from 0.2 to 6.4 GPa. The C-D4 distance is almost constant, and the C· · · O1 and the C· · · O2 distances decrease with pressure (Table IV) ; this is similar to that observed in the bifurcated D3· · · O1 and D3· · · O2 bonds.
III. RESULTS

FIG. 4. Pressure
dependence of the lattice parameters of α-glycine determined by powder XRD measurements. (a) Length of each axis normalized by the value at ambient pressure, (b) β angle, and (c) unit cell volume and the results of fitting with Vinet EOS. The c /c 0 is defined as the normalized length of an axis which is vertical to the abplane. Solid square, run1-1; solid triangle, run1-2; and open circle, the values from Dawson et al.
IV. DISCUSSION
The X-ray and neutron diffraction measurements on deuterated α-glycine at high pressure and room temperature indicate that there is no structural phase transition, at least up to 8.7 GPa. The cell parameters and unit cell volume decrease continuously with increasing pressure, while no significant changes are observed in the intramolecular bond lengths and the bond angles, suggesting that the changes in the intermolecular distances induce the pressure change of the lattice parameters. Effects of isotopic substitution of deuterium atoms for hydrogen atoms on phase changes, and molecular arrangement in solid phase, the so-called Ubbelohde effect, have been reported on some molecular crystals containing short hydrogen bonding (i.e., Refs. 59-61). In contrast, the Ubbelohde effect on α-glycine under high pressure has not been found by Raman measurements, 40 as well as that on γ-glycine. 62 The compressibility and the intramolecular distance are compared between non-deuterated α-glycine 38 and deuterated α-glycine (Fig. 4 and Table III, respectively), while no significant changes induced by the deuteration are observed.
The various intermolecular hydrogen bonds behave differently upon compression. The intermolecular distance simply decreases with increasing pressure in the case of the bifurcated N-D3· · · O1 and N-D3· · · O2 hydrogen bonds, and the bifurcated C2-D4· · · O1 and C2-D4· · · O2 hydrogen bonds, which are formed in between the layers of the molecules stacked along the b-axis. These hydrogen bonds are relatively weak, and therefore large voids are considered to be formed between the molecules. Upon compression, the layers are likely to approach closer with decreasing the D· · · O distance of the bifurcated bonds, which induce the largest compressibility of the b-axis. By contrast, an increase of the D1· · · O1 distance with compression is observed [see Fig. 6(a) ]. The D1· · · O1 distance is 1.728 Å at ambient pressure, 29 which is short when compared to distances in other organic compounds in the "amino acids, peptides, and complexes" category of the Cambridge Structural Database. 14 The N-D1 distance of α-glycine is 1.054 Å at ambient pressure, 29 which is significantly longer than a typical N-H bond length in the Cambridge Database default values (1.009 Å). 63 Thus, the intramolecular N-D1 distance decreases during the compression accompanied by bending of the N-D1· · · O1 angle and consequent increase of the intermolecular D1· · · O1 distance. The D2· · · O2 and N· · · O2 distances decrease during compression; above 3 GPa, D2· · · O2 becomes the shortest of the D· · · O distances. Around 3 GPa, some kind of structural rearrangement was suggested by the changes in the pressure-dependence of the COO and NH 3 + vibration frequencies. 39, 40 The behavior of the N-D1· · · O1 and N-D2· · · O2 bonds would induce a relatively small compressibility of the c -axis and a-axis, respectively.
The Hirshfeld surface is constructed by partitioning the space in the crystal structure into regions where the electron density distribution of a sum of spherical atoms for the molecule (i.e., promolecule) dominates the corresponding sum of the electron density of the crystal (i.e., procrystal). 64, 65 In this study, the Hirshfeld surface of α-glycine at each pressure is calculated and visualized using the program CrystalExplorer. 66 The distance from the surface to the nearest atom in another molecule and the distance from the surface to the nearest atom in the molecule itself are defined as d e and d i , respectively. 64 Fig. 7(a) ]. The diffuse region decreases at 6.4 GPa, suggesting the reduction of the void space with compression. On the other hand, the "spikes" originating from D· · · O bonds are observed in the small d e and d i region (region 2 in Fig. 7) . The position of the tip of the spikes is hardly shift with compression; however the origin of the tip of the spikes changes from the D1· · · O1 bond at 0.2 GPa to the D2· · · O2 bond at 6.4 GPa. The results suggest that the strong N-D1· · · O1 bonds and N-D2· · · O2 bonds are less compressible, while weak contacts between the molecules and the void regions in the crystal decrease with compression. The presence of H· · · H contacts is represented by the diagonal region (region 3 in Fig. 7) ; a slight change in the position and shape is observed with compression. A similar pressure-induced behavior in the intermolecular interactions was reported in other amino acids, such as L-alanine 13 α-glycylglycine. 67 The results of Hirshfeld surface analysis show that the shortest H· · · H contact of the d e + d i distance at 6.4 GPa is much longer than the lower limit proposed in organic structures, 1.7 Å. 68 The shortest D· · · O distance of α-glycine at 6.4 GPa is 1.702 Å, which is longer than that of L-alanine and the high pressure phase of L-serine at a similar pressure. 12, 19 These results imply that α-glycine can maintain its crystal structure at higher pressures than the pressure range of the present study.
V. CONCLUSION
Powder XRD measurements on deuterated α-glycine indicated that there is no phase change up to 8.7 GPa, while anisotropic compression of the crystal structure was observed. Single-crystal XRD measurements at 4.1 GPa indicated that the intramolecular bond distances and angles hardly change with compression. Changes of the intermolecular distance were investigated by powder neutron diffraction measurements up to 6.4 GPa. An increase of the D1· · · O1 distance with compression was found. The D2· · · O2 distance decreased with increasing pressure and became the shortest of the D· · · O distances above 3 GPa. The behavior of the D1· · · O1 and D2· · · O2 bonds would induce a relatively small compressibility of the c -axis and a-axis, respectively. The layers of the molecules in the ac-plane are stacked along the b-axis, and bifurcated N-D3· · · O1 and N-D3· · · O2 bonds and bifurcated C-D4· · · O1 and C-D4· · · O2 bonds form between the layers. A large decrease in the D· · · O distances of the bifurcated N-D· · · O and the C-D· · · O bonds between the layers was observed, which manifests in the largest compressibility of the b-axis. The Hirshfeld analysis suggests that compression would lead to the decrease of the void region in the crystal rather than the shrinkage of robust hydrogen bonds.
